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A B S T R A C T   

Sepsis-induced myocardial dysfunction (SMD) is the major cause of death in sepsis. Nucleotide- 
binding oligomerization domain-like receptor family pyrin domain containing 3 (NLRP3)-medi
ated pyroptosis contributes to the occurrence and development of SMD. Although Apelin confers 
direct protection against SMD, the potential mechanisms remain unclear. This study aimed to 
determine whether Apelin protects against SMD via regulation of NLRP3-mediated pyroptosis of 
cardiomyocytes. Experimental SMD was induced in wild-type (WT) control mice and Apelin 
knockout (Apelin− /− ) mice by cecal ligation and puncture (CLP). Neonatal mouse cardiomyocytes 
(NMCs) were treated with lipopolysaccharide (LPS) to simulate the physiological environment of 
SMD in vitro. The expression of Apelin was greatly decreased in the plasma from septic patients 
and septic mouse heart. Knockout of Apelin aggravated SMD, evidenced by decreased cardiac 
function, and increased cardiac fibrosis and NLRP3 inflammasome and pyroptosis levels in CLP- 
treated Apelin− /− mice compared with WT mice. Overexpression of Apelin activated the AMPK 
pathway and thereby inhibited NLRP3 inflammasome–mediated pyroptosis of NMCs induced by 
LPS in vitro These protective effects were partially abrogated by AMPK inhibitor. In conclusion, 
Apelin attenuated SMD by inhibiting NLRP3-mediated pyroptosis via activation of the AMPK 
pathway. Apelin may serve as a promising therapeutic target for SMD.   
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1. Introduction 

Sepsis, a complex life-threatening condition caused by infection, is the leading cause of morbidity and mortality encountered in 
emergency medicine [1,2]. It can lead to multiple organ damage with the heart the most important and frequently affected [3,4]. The 
incidence of sepsis-induced myocardial dysfunction (SMD) is reported to vary from 10 to 70 % in subjects with sepsis with mortality as 
high as 70–90 % [5,6]. Therefore, SMD has been the focus of much clinical and basic research over the past decades. Although a variety 
of mediators and signaling pathways, including mitochondrial dysfunction, abnormal metabolic reprogramming and overproduction 
of reactive oxygen species (ROS) have been found to be involved in SMD, their precise molecular mechanisms are not fully understood 
[7,8]. Understanding the mechanisms that underlie SMD will help in the exploration of therapeutic strategies for SMD. 

Pyroptosis is a novel pro-inflammatory form of programmed cell death that is activated by nucleotide-binding oligomerization 
domain-like receptor family pyrin domain containing 3 (NLRP3) inflammasome. NLRP3 inflammasome activation promotes the 
precursor cleavage of Caspase-1 that initiates pyroptosis and production of the mature pro-inflammatory cytokines interleukin IL-1β 
and IL-18 [9,10]. Several studies have shown that NLRP3-mediated pyroptosis plays a critical role in regulating the pathogenesis of 
multiple cardiovascular diseases including myocardial infarction, myocarditis and diabetic cardiomyopathy [11–14]. There is also 
mounting evidence that NLRP3-mediated pyroptosis participates in the occurrence and development of SMD. It has been reported that 
Syringaresinol ameliorated SMD by inhibiting inflammation and NLRP3-mediated pyroptosis in mice [15]. More importantly, the 
NLRP3 inhibitor MCC950 improved heart function in SMD mice by reducing inflammatory factors and pyroptosis of cardiomyocytes 
via inhibition of the NLRP3/Caspase-1/IL-1β pathway [16]. Nonetheless the potential mechanism of NLRP3-mediated pyroptosis of 
cardiomyocytes in SMD remains unclear. 

Apelin, an endogenous ligand for the APJ receptor, exerts essential roles in regulating cardiovascular physiology and patho
physiology [17,18]. Several isotypes of Apelin have been identified with differing number of amino acids, namely Apelin-13, -16, − 17, 
− 19, and − 36 [19]. Apelin-13 has been intensively investigated and proven to play a critical role in cardiovascular disease and is 
cardioprotective [20,21]. Apelin treatment attenuated cardiac dysfunction caused by ischemia/reperfusion injury via inhibition of 
oxidative stress and cardiomyocyte apoptosis via regulation of ERK1/2 and the Akt signaling pathway [22]. Notably, Apelin also plays 
an essential role in protecting against SMD. Exogenous administration of Apelin has been shown to ameliorate lipopolysaccharide 
(LPS)-induced myocardial dysfunction in vitro by inhibiting inflammation and apoptosis and increasing autophagy via mediation of the 
TLR4/ERK1/2/NF-κB pathway [23]. Nonetheless it has not been determined whether Apelin protects against SMD by regulating 
NLRP3-mediated pyroptosis. This study aimed to investigate the potential role of Apelin-13 (abbreviated as Apelin in the text) in 
mediating the process of NLRP3-mediated pyroptosis via regulation of the AMPK pathway with consequent attenuation of SMD in 
mice. The results may provide a therapeutic strategy to reduce NLRP3-mediated pyroptosis in SMD. 

Table 1 
Matched patient characteristics.  

Characteristics Control NSMD (n = 20) SMD (n = 20) p-Value 

Age 64.00 (56.25–68.00) 62.85 (55.49–70.21) 62.15 (55.76–68.54) 0.874 
Man 13 (65) 14 (70) 13 (65) 1 
Medical history 
Hypertension 7 (35) 6 (30) 8(40) 0.942 
Diabetes mellitus 4 (20) 3 (15) 3(15) 1 
CKD 4 (20) 1 (5) 3(15) 0.90 
Sources of infection 
Pulmonary  12 (60) 10(50) 0.751 
Digestive 5 (25) 4(20) 1 
Other 3 (15) 6(30) 0.451 
SOFA Score 0 5.40 (3.95–6.85) 9.25(6.86–11.64) <0.001 
Laboratory 
Systolic blood pressure (mmHg) 124.00 (117.00–149.5) 113.50 (102.00–148.50) 96.00 (81.00–139.00) <0.05 
Diastolic blood pressure (mmHg) 72.50 (68.50–78.50) 68.50 (60.00–81.50) 58.50(50.50–68.00) <0.001 
Fibrinogen (g/L) 3.12 (2.71–3.45) 3.44 (2.58–4.43) 6.50 (5.39–7.38) <0.001 
CRP (mg/L) 5.60 (3.93–6.50) 95.60 (55.45–160.43) 125.00 (64.48–180.13) <0.001 
PCT (ng/mL) 0.01 (0.01–0.01) 5.58 (4.42–11.13) 50.76 (8.20–150.62) <0.001 
IL-6 (pg/mL) 4.25 (3.80–5.00) 41.20 (22.50–366.55) 228.50 (67.95-1272.50) <0.001 
BNP (pg/mL) 84.50 (58.00–97.25) 201.50 (129.00–437.70) 16634.65 (10979.91-22289.39) <0.001 
TNT (pg/mL) 8.60 (7.75–9.35) 22.30 (14.20–46.25) 640.97 (100.72–1382.65) <0.001 
CK-MB (U/L) 14.45 (12.88-17.30） 22.40 (11.08–33.72) 190.75 (44.30–425.79) <0.001 
CK (U/L) 72.50 (58.00–103.00) 127.50 (61.50–231.50) 662.50 (160.50–9274.50) <0.001 
Glucose (mmol/L) 6.40 (5.85–7.65) 7.25 (6.40–9.60) 8.95 (6.15–15.50) <0.01 
Lactic acid (mmol/L) 1.00 (0.80–1.25) 1.70 (1.25–3.55) 4.00 (2.60–7.70) <0.001 
LDH (U/L) 6739.00 (5684.50–7463.00) 6296.00 (5480.00–6867.50) 4288.50 (3464.50–6539.50) <0.01 
Transthoracic echocardiography 
Heart Rate 75 (69–86) 80 (75–92) 102 (92–111) <0.001 
E/A 1.70 (1.42–1.85) 1.57 (1.43–1.71) 0.95 (0.75–1.84) <0.001 
LVEF (%) 65.50 (64.25–67.0) 64.45 (62.98–65.92) 47.30 (43.81–50.79) <0.001 

CKD, Chronic kidney disease; CRP, C-reactive protein; PCT, procalcitonin; BNP, Brain Natriuretic Peptide; TNT, troponin T; CK-MB, Creatine Kinase- 
MB; E/A, early peak/atrial peak ratio; LVEF, Left Ventricular Ejection Fraction; IL-6, Interleukin- 6; CK, Creatine Kinase; LDH, Lactate dehydrogenase. 
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2. Methods and materials 

2.1. Collection and storage of human plasma 

Venous blood was collected from patients diagnosed with sepsis or septic shock, defined according to the Third International 
Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). Patients with a history of previous cardiovascular disease were excluded 
from study. SMD was diagnosed by cTnT, CK, CK-MB, BNP level and cardiac ultrasound. Patients with sepsis or septic shock but no 
heart injury were classified as non-SMD (NSMD). Patients with no inflammatory response or cardiac dysfunction served as the control 
group. Written informed consent was obtained from all donors or a family member. The procedure was approved by the research ethics 
board of Guangdong Provincial People’s Hospital (NO. KY-Z-2020-363-02). The demographic information of study subjects is sum
marized in Table 1. Blood samples of patients were centrifuged to obtain plasma that was frozen at − 80 ◦C. Plasma level of Apelin was 
detected using an ELISA kit (MEIMIAN, China). 

2.2. Cell culture 

Neonatal mouse myocardial cells (NMC) were isolated and cultured as previously described [24]. Briefly, after washing with 
alcohol, mice were dissected and the hearts isolated and chopped with precooled phosphate buffered saline (PBS). Heart tissue was 
then mixed with 10 mg/ml collagenase and 30 mg/ml trypsin diluted in PBS and centrifuged at 1500 rpm for 5 min. Subsequently, cells 
were carefully suspended with 10 % fetal bovine serum (10099141, Gibco, USA) in DMEM/F12 (11330032, Gibco, USA) at 37 ◦C for 
1 h. Finally, the supernatant was harvested and NMCs at P1 were plated in 24-well plates with collagen-coated glass coverslips at a 
density of 2 × 105 cells/well in an environment of 95 % O2 and 5 % CO2. Culture medium was changed daily. NMCs were treated with 1 
μg/ml lipopolysaccharide (LPS, L4391, Sigma, USA) for 12h, 24h or 36h to induce a model of SMD in vitro [25]. To investigate the role 
of NLRP3-mediated pyroptosis, NMCs were pretreated with MCC950 (10 μM) for 30 min and then incubated with LPS for 24h. 

2.3. Viral vector construction and infection 

The lentivirus-carrying Apelin was generated and obtained from XindaiBio (Guangzhou, China). For stable transduction, NMCs at a 
confluence of 70–80 % were infected by lentivirus at a multiplicity of infection of 10 with polybrene (8 μg/mL) for 4 h and then 
cultured with complete medium for 48 h. Infection efficiency was determined by Western blotting. To determine whether Apelin 
protected against NLRP3 inflammasome-mediated pyroptosis in SMD via activation of the AMPK signaling pathway, NMCs over
expressing Apelin were pretreated with Compound C (20 μM) for 30 min and then incubated with LPS for 24h. 

Fig. 1. Decreased Level of Apelin in SMD patients and Mouse Hearts. (a) Level of plasma Apelin in the plasma of control donors and patients 
with SMD and NSMD. (b) Relationship between the level of Apelin in the plasma and left ventricular ejection fraction (LVEF) in SMD patients. (c) 
Level of Apelin in heart tissue of sham and CLP-treated mice. Data are expressed as the mean ± SD of at least three independent experiments. *p < 
0.05, **p < 0.01. 
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2.4. TUNEL staining 

Pyroptosis of NMCs among the different groups was evaluated by TUNEL staining according to the manufacturer’s instructions 
(Roche, Switzerland). Briefly, NMCs were seeded into 24-well plates with cover slides and cultured to 70–80 % confluence, then 
stained with the kit and DAPI after fixing with ice-cold methanol. After washing with PBS three times, slides were photographed using 
a fluorescence microscope. Pyroptosis rate was calculated as the ratio of cells with green fluorescence to the total number of 
cells × 100 %. 

2.5. ELISA 

Blood samples from patients or mice were collected into an ethylene diamine Tet-Ra acetic acid (EDTA) tube and centrifuged at 
3000 R/min for 15 min. Supernatant was collected and stored at − 80 ◦C in a freezer. The concentration of IL-1β, IL-18, cTnI and TNF-α 
was measured using Enzyme linked Immunosorbent assay (ELISA) Kits (MEIMIAN, China) according to the kit instructions. 

2.6. Immunofluorescence staining 

Frozen sections of the heart were infiltrated with 0.1 % Triton X-100 and blocked with 10 % FBS. Next, slides were incubated with 
anti-cardiac Troponin T (1:100, bs-10648R, Bioss, USA), and anti-NLRP3 (1:100, AG-20B 0014, AdipoGen, USA) antibody overnight at 
4 ◦C. After washing with PBS three times, the sections were incubated with fluorescent secondary antibodies (Abcam, Cambridge, UK) 
for 1 h at room temperature. Finally, the samples were incubated with DAPI and imaged under a microscope (Leica, Germany). 

2.7. Western blotting 

Heart tissue and NMCs from different groups were harvested. Total protein was extracted using a total protein extraction kit 
(Bestbio, Xi’an, China; BB-3101) and the concentration of each sample determined by BCA assay (231227, Thermo, USA). After adding 
loading buffer, the protein was denatured by placing in a water bath at 100 ◦C for 10 min, and 30ug protein subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Next, the proteins were transferred onto PVDF membranes. After 
blocking with 5 % non-fat dry milk for 1h, membranes were incubated overnight at 4 ◦C with the following specific antibodies: anti- 
NLRP3 (1:1000, ab263899, abcam, UK), anti-ASC (1:1000, AG-25B-0006-C100, AdipoGen, USA), anti-Caspase-1 (1:1000, ab179515, 
abcam, UK), IL-1β (1:1000, 26048-1-AP, proteintech, USA), anti-IL-18 (1:1000, A1115, ABclonal, USA), anti-GSDMD (1:1000, 
ab209845, abcam, UK), anti-Apelin (1:1000, ab125213, Abcam, UK), anti-AMPK (1:1000, ab32047, abcam, UK), and anti-p-AMPK 
(1:1000, 2535s, CST, USA), GAPDH (1:10000, ab8245, abcam, UK). Subsequently, the membranes were washed with TBST three times 
and incubated with the secondary antibody (1:1000, CST, MA, USA) for at least 1 h at room temperature and exposed to radiography 
film in a dark room. Protein bands were analyzed by a ChemiDoc™ Touch Imaging System. Quantification of band intensity was 
performed using Image J software. 

2.8. Mice 

Wild type (WT) and Apelin− /− mice (C57BL/6J genetic background, 20–25 g, 8–10 weeks, male) were obtained from Gem
pharmatech Co., Ltd (China), and housed at the Laboratory Animal Center of Guangzhou Yongnuo under 12-h light-dark conditions. 
All animal experiments were approved by the Committee on the Use of Live Animals in Teaching and Research (CULTAR) of the 
Guangdong Provincial People’s Hospital for Laboratory Animal Medicine (NO. KY-Z-2020-363-02). 

2.9. CLP model 

SMD was induced in WT and Apelin− /− mice by cecal ligation and puncture (CLP) as previously reported [26]. Mice were then 
randomly divided into four groups: Sham-WT (n = 6), Sham-Apelin− /− (n = 6), CLP-treated WT (n = 20) and CLP-treated Apelin− /−

(n = 20). Mice were anesthetized by inhalation of 2 % isoflurane and fixed in a supine position. A longitudinal incision was made in the 
abdomen and the skin and abdominal muscles cut away, and the cecum carefully separated without vascular injury. Subsequently, the 
posterior 1/3 of the cecum was ligated with a non-absorbable suture, perforated twice using an 18-G needle and a small amount of 
intestinal content squeezed out. After operation, the cecum was replaced in the abdominal cavity and the abdominal muscle and skin 
closed successively after disinfection. Finally, mice were resuscitated by subcutaneous injection of normal saline. The CLP model was 

Fig. 2. Cardiomyocyte-specific Apelin deletion aggravated heart dysfunction in SMD mice. (a) Level of Apelin in heart tissue from WT 
Apelin− /− mice and CLP-treated WT and Apelin− /− mice. (b) Echocardiographic images captured at baseline or 24 h following CLP surgery in mice 
among the different groups. (c) Quantitative analysis of LVEF, LVFS, LVESD, LVEDD and heart rate at baseline or 24 h following CLP surgery in mice 
among the different groups. (d) HE staining and quantitative analysis of the number of inflammatory cells at baseline or 24 h following CLP surgery 
in mice among the different groups. Black arrows represent the nucleus of inflammatory cells. (e) Masson’s trichrome staining and quantitative 
measurement of heart fibrosis at baseline or 24 h following CLP surgery in mice among the different groups. (f) Plasma level of cTnI, TNF-α, IL-18 
and IL-1β at baseline or 24 h following CLP surgery in mice among the different groups. Data are expressed as the mean ± SD of at least three 
independent experiments. *p < 0.05, **p < 0.01. 
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completed within 15 min. The sham operation mice underwent the same operation without cecum ligation and perforation. 

2.10. Echocardiographic measurement 

All mice were anesthetized by inhaled 2 % isoflurane. Heart function in each mouse was measured at 24 h following CLP surgery by 
transthoracic echocardiography (Ultramark 9; Soma Technology). Echocardiographic parameters including heart rate, left ventricular 
end-diastolic dimension (LVEDD, mm) and left ventricular end-systolic dimension (LVESD, mm) were calculated. Next, left ventricular 
ejection fraction (LVEF, %) and left ventricular fractional shortening (LVFS, %) were calculated. 

2.11. HE staining 

After echocardiography assessment, all mice were sacrificed by cervical dislocation under anaesthesia. Heart tissue was harvested, 
fixed, embedded, and cut into 5 μm slices. Next, heart sections from the four experimental groups were stained with hematoxylin eosin. 
Finally, changes to myocardial tissue structure were captured under a microscope. 

2.12. Masson’s staining 

The heart sections from four experimental groups were subjected to Masson’s trichrome staining according to the protocol (G1340, 
Solarbio, China). The ratio of fibrosis was calculated as the ratio of fibrotic area to total heart area × 100 %. 

2.13. Statistical analysis 

All results are expressed as mean ± SD. All experiments were performed at least three times in vitro. One-way analysis of variance 
(ANOVA) followed by the Bonferroni test was used for statistical comparison among multiple groups, and comparison between two 
groups made using unpaired Student T test. Data were analyzed by Graphpad Prism 7.0 software and P < 0.05 considered statistically 
significant. 

3. Results 

3.1. Decreased level of Apelin in SMD patients and mouse hearts 

To determine the possible role of Apelin in the pathogenesis of SMD, we initially examined the level of Apelin in the plasma of 
control donors (n = 20), and patients with SMD (n = 20) and NSMD (n = 20). The characteristics of Sepsis-induced myocardial 
dysfunction are shown in Table 1. Compared with controls and NMSD, the LVEF was greatly reduced in MSD patients (Table 1). The 
myocardial injury markers such CK, TNT and BNP was much higher in MSD patients than controls and NMSD (Table 1). In addition, we 
also analyzed the blood pressure of the controls, NMSD and MSD patients (Table 1). The systolic blood and diastolic blood were greatly 
decreased in MSD patients compared with controls and NMSD patients. The level of plasma Apelin from SMD patients was much lower 
than that in the control donors and NSMD patients (Fig. 1a). Importantly, the content of plasma Apelin was significantly and positively 
associated with LVEF in SMD patients (Fig. 1b). We also established an SMD model in wild-type (WT) mice using CLP. Similarly, there 
was a remarkable reduction in Apelin in the heart tissue of SMD mice compared with WT mice (Fig. 1c). Collectively, these findings 
suggested that reduction of Apelin was closely associated with the progression of both human and mouse SMD. 

3.2. Cardiomyocyte-specific apelin deletion aggravated heart dysfunction in SMD mice 

To further investigate the impact of Apelin on SMD, we established an SMD model in a cardiomyocyte-specific inducible Apelin 
knockout mouse (Apelin− /− mice). In the current study, 14 mice survived in the CLP-treated WT group and 11 in the CLP-treated 
Apelin− /− group. No mouse succumbed in the Sham-WT group or Sham-Apelin− /− group. Compared with WT mice, no expression 
of Apelin was detected in the heart tissue of Apelin− /− mice, indicating that Apelin− /− mice had been successfully generated (Fig. 2a). 
Subsequently, Apelin− /− and WT mice were subjected to CLP surgery to generate SMD. The representative echocardiographic images 
are shown in Fig. 2b. Compared with WT mice, Apelin− /− mice displayed decreased EF and FS at baseline, indicating heart dysfunction 
(Fig. 2c). After CLP surgery, both WT mice and Apelin− /− mice exhibited decreased EF and FS compared with baseline (Fig. 2c). 
Notably, both EF and FS were further decreased in Apelin− /− mice compared with WT mice (Fig. 2c). Importantly, after CLP surgery, 
LVEDD and LVESD was greatly increased in WT mice and Apelin− /− mice and further increased in Apelin− /− mice (Fig. 2c), suggesting 

Fig. 3. Apelin inhibits NLRP3 inflammasome-mediated pyroptosis to protect against SMD. (a) NLRP3 inflammasome staining of heart tissue at 
baseline or 24 h following CLP surgery in mice among the different groups. (b) Western blotting and quantitative analysis of pyroptosis-related 
markers including NLRP3 inflammasome, ASC, activation of Caspase-1, GSDMD-NT, IL-1β and IL-18 in heart tissue of mice at baseline or 24 h 
following CLP surgery among the different groups. (c) TUNEL staining and quantitative analysis of TUNEL positive cells in heart tissue of mice at 
baseline or 24 h following CLP surgery among the different groups. Data are expressed as the mean ± SD of at least three independent experiments. 
*p < 0.05, **p < 0.01. 
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that Apelin deficiency aggravated heart dysfunction in the presence of sepsis. Moreover, heart rate was greatly increased in WT mice 
and Apelin− /− mice and further increased in Apelin− /− mice after CLP surgery (Fig. 2c). HE staining showed that CLP-treated WT mice 
exhibited apparent inflammatory infiltration of myocardial tissue and this phenomenon was worse in CLP-treated Apelin− /− mice 
(Fig. 2d). Masson’s trichrome staining was performed to evaluate the influence of Apelin deletion on cardiac fibrosis induced by CLP in 
mice. As shown in Fig. 2e, after CLP surgery, cardiac fibrosis was significantly increased in WT mice compared with baseline (Fig. 2e). 
Importantly, CLP-treated Apelin− /− mice exhibited increased cardiac fibrosis compared with WT mice (Fig. 2e). In addition, plasma 
concentration of inflammatory cytokines (TNF-a、IL-18 and IL-1β) and a biochemical marker of cardiac damage (cTnI) was signifi
cantly increased in CLP-treated WT mice and these cytokines were further markedly elevated in CLP-treated Apelin− /− mice (Fig. 2f). 
Collectively, these results demonstrated that Apelin deficiency in cardiomyocytes aggravated heart dysfunction in SMD mice. 

3.3. Apelin deletion aggravated heart dysfunction via activation of NLRP3 inflammasome-mediated pyroptosis 

Next, we aimed to determine whether NLRP3 inflammasome-mediated pyroptosis was involved in SMD and whether Apelin 
deletion would aggravate heart dysfunction via activation of NLRP3 inflammasome-mediated pyroptosis. Immunofluorescence 
staining showed that the expression of NLRP3 inflammasome in heart tissue was greatly increased in WT mice and Apelin− /− mice 
following CLP treatment when compared with the control group (Fig. 3a). Importantly, deletion of Apelin further enhanced CLP- 
induced NLRP3 inflammasome in the heart tissue of mice (Fig. 3a). Next, we examined the effects of Apelin deficiency on CLP- 
induced pyroptosis in heart tissue. Compared with WT mice, expression of pyroptosis-related markers including NLRP3, ASC, the 
ratio of Caspase-1/pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1β/pro-IL-1β and IL-18/pro-IL-18 in was markedly increased in 
the heart tissue of CLP-treated Apelin− /− mice (Fig. 3b). The percentage of TUNEL-positive staining cells was also increased in the 
heart tissue of CLP-treated Apelin− /− mice compared with WT mice (Fig. 3c). These results demonstrated that deletion of Apelin 
activated NLRP3 inflammasome-mediated pyroptosis of cardiomyocytes in CLP-treated mice. 

3.4. Downregulation of Apelin is positively correlated with pyroptosis in LPS-induced SMD in vitro 

We then investigated the relationship between Apelin and NLRP3 inflammasome-mediated pyroptosis in LPS-induced SMD in vitro. 
Following LPS treatment, the protein level of Apelin was reduced in cardiomyocytes in a time dependent manner under LPS challenge 
with the reduction most obvious after treatment for 24 h (Fig. 4a). Similarly, the protein level of NLRP3, ASC, the ratio of Caspase-1/ 
pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1β/pro-IL-1β and IL-18/pro-IL-18 was markedly increased in NMCs after LPS 
treatment for 24 h (Fig. 4a). The percentage of TUNEL staining cells was also increased in NMCs, indicating activated pyroptosis under 
LPS challenge (Fig. 4b). To further verify that LPS induced NLRP3 inflammasome-mediated pyroptosis in cardiomyocytes, we treated 
NMCs with NLRP3 inhibitor MCC950 under LPS challenge. Western blotting revealed that MCC950 treatment significantly down
regulated the expression of NLRP3, ASC, the ratio of Caspase-1/pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1β/pro-IL-1β and IL- 
18/pro-IL-18 in NMCs induced by LPS (Fig. 4c). Similarly, MCC950 treatment partially inhibited pyroptosis of NMCs induced by LPS as 
evidenced by the reduced percentage of TUNEL staining cells (Fig. 4d). More importantly, ELISA results demonstrated that LPS 
treatment upregulated the expression of IL-18 and IL-1β in NMCs and these effects were partially abrogated by MCC950 (Fig. 4e). 
Collectively, these data suggested that Apelin is closely associated with NLRP3 inflammasome-mediated pyroptosis in LPS-induced 
SMD in vitro. 

3.5. Overexpression of Apelin attenuates LPS-induced SMD in vitro 

Given the downregulation of Apelin and upregulation of NLRP3 inflammasome-mediated pyroptosis in NMCs under LPS treatment, 
we investigated the effects of Apelin on LPS-induced pyroptosis in NMCs. We overexpressed Apelin in NMCs with adenovirus. As shown 
in Fig. 5a, the level of Apelin was greatly increased in NMCs following infection with adenovirus carrying Apelin (Fig. 5a). Over
expression of Apelin significantly decreased production of IL-18 and IL-1β in NMCs induced by LPS (Fig. 5b). Consistently, over
expression of Apelin significantly attenuated LPS-induced NLRP3 inflammasome-mediated pyroptosis as evidenced by a reduced 
protein level of NLRP3, ASC, ratio of Caspase-1/pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1β/pro-IL-1β and IL-18/pro-IL-18 
(Fig. 5c). Overexpression of Apelin also decreased the percentage of TUNEL-positive cells in LPS-treated NMCs (Fig. 5d). These 
data showed that overexpression of Apelin ameliorated NLRP3 inflammasome-mediated pyroptosis in cardiomyocytes induced by LPS. 

3.6. Apelin protected against NLRP3 inflammasome-mediated pyroptosis in SMD through activation of the AMPK signaling pathway 

Accumulating evidence has shown that the AMPK signaling pathway plays a critical role in regulating NLRP3 inflammasome- 

Fig. 4. Downregulation of Apelin is positively correlated with pyroptosis in LPS-induced SMD in vitro. (a) Western blotting and quantitative 
analysis of Apelin and pyroptosis-related markers in NMCs following LPS treatment for 0 h, 12 h, 24 h and 36 h. (b) TUNEL staining and quantitative 
analysis of TUNEL positive cells in NMCs with LPS treatment for 0 h, 12 h, 24 h and 36 h. (c) Western blotting and quantitative analysis of 
pyroptosis-related protein makers in NMCs, LPS treated NMCs and LPS + MCC950 treated NMCs. (d) TUNEL staining and quantitative analysis of 
TUNEL positive cells in NMCs, LPS-treated NMCs and LPS + MCC950 treated NMCs. (e) Level of inflammatory cytokines IL-18 and IL-1β in the 
supernatant from NMCs, LPS treated NMCs or LPS + MCC950 treated NMCs. Data are expressed as the mean ± SD of at least three independent 
experiments. *p < 0.05, **p < 0.01. 
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mediated pyroptosis [27]. We therefore aimed to determine whether Apelin mediated NLRP3 inflammasome-mediated pyroptosis via 
regulation of that pathway. We first examined the expression of p-AMPK in SMD mice. Compared with WT mice, expression of p-AMPK 
was robustly decreased (Fig. 6a). Subsequently, Compound C, the inhibitor of the AMPK activation, was added to culture medium of 
Apelin-overexpressed NMCs under LPS stimulation. Compound C treatment greatly downregulated the expression of p-AMPK in 
Apelin-overexpressed NMCs under LPS stimulation (Fig. 6b). Importantly, Compound C treatment partially reversed the inhibition of 
NLRP3 inflammasome-mediated pyroptosis in Apelin-overexpressed NMCs under LPS stimulation as evidenced by increased levels of 
NLRP3, ASC, ratio of Caspase-1/pro-Caspase-1, GSDMD-NT/GSDMD as well as IL-1β/pro-IL-1β and IL-18/pro-IL-18 (Fig. 6c). Simi
larly, Compound C treatment increased the percentage of TUNEL-positive staining cells (Fig. 6d) and also elevated the expression of 
IL-18 and IL-1β (Fig. 6e). Collectively, these findings indicated that Apelin protected against NLRP3 inflammasome-mediated 
pyroptosis in SMD through activation of the AMPK signaling pathway. 

4. Discussion 

In this study, we present several major findings (Fig. 7). First, the content of Apelin was greatly decreased in septic patients and the 
septic mouse heart. Second, Apelin deficiency aggravated SMD in mice via activation of NLRP3 inflammasome-mediated pyroptosis in 
cardiomyocytes. Third, overexpression of Apelin attenuated LPS-induced cardiomyocyte injury via downregulation of NLRP3- 
mediated pyroptosis. Fourth, Apelin inhibited NLRP3-mediated pyroptosis to attenuate cardiomyocyte injury via activation of the 
AMPK signaling pathway. Thus, Apelin might serve as a promising therapeutic strategy for SMD treatment. 

SMD is a severe disease with high mortality worldwide. Despite advances in pharmacological therapy including prophylactic 
antibiotics and intravenous immunoglobulin, there remains no effective treatment [6,28–30]. The main hurdle is a poor understanding 
of the molecular mechanisms that govern SMD. Although the potential mechanisms underlying SMD are unclear, it is well documented 
to be triggered by mitochondrial dysfunction, endoplasmic reticulum stress and dysregulated autophagy leading to heart injury 
[31–33]. Recently, NLRP3-mediated pyroptosis has been identified to be involved in SMD. It has been established that zinc finger 
antisense 1 aggravates the development of SMD via targeting of NLRP3-mediated pyroptosis of cardiomyocytes [34]. Knockout of a 
stimulator of interferon genes has been shown to alleviate heart injury in LPS-induced SMD mice via suppression of NLRP3-mediated 
pyroptosis of cardiomyocytes [25]. In contrast, another study showed that NLRP3 knockout mice exhibited worse cardiac dysfunction 
than WT control mice [35]. These data suggest that NLRP3 inflammasome exerts multifaceted effects in regulating heart homeostasis. 
In the current study, level of NLRP3, ASC and pyroptosis-related proteins including GSDMD-NT and Caspase-1 was greatly enhanced in 
the heart tissue of septic mice and LPS-treated NMCs. Moreover, the level of IL-18 and IL-1β was significantly increased. Furthermore, 
CLP operation also increased fibrosis and elevated the protein level of fibrotic markers in SMD mice [36]. Similarly, in the current 
study, cardiac fibrosis was also greatly increased in SMD mice. This is may have been due to NLRP3-mediated inflammation induced 
activation of cardiac fibroblasts. These results indicated that NLRP3-mediated pyroptosis plays a critical role in regulating SMD. Our 
study showed that NLRP3-mediated pyroptosis contributes to SMD development. Nonetheless because of the increased TUNEL positive 
cells in LPS-treated NMCs and CLP-treated mice, we could not exclude the possibility that apoptotic cardiomyocytes also regulate SMD. 
Given the multifaceted effects on heart function, direct inhibition of NLRP3 inflammasome may not be an optimal strategy for SMD 
treatment, so identification of the critical mediator that regulates NLRP3-mediated pyroptosis is vital for SMD treatment. 

An increasing number of studies have demonstrated that Apelin plays an important role in the regulation of cardiovascular function 
including myocardial inflammation, contractility and vascular tension [37,38]. Apelin treatment has been shown to improve cardiac 
dysfunction and attenuate fibrosis in a rat model of myocardial infarction via downregulation of ROS level [39]. Apelin deficiency 
resulted in the progressive development of heart failure as evidenced by impaired cardiac contractility in pressure overload treated 
mice [40]. Apelin inhibited phenylephrine-induced cardiac hypertrophy by activating the PI3K/AKT/mTOR signaling pathway [41]. 
Given the findings that Apelin exerts cardioprotective effects, we speculated that Apelin may protect against myocardial injury in SMD, 
and if so, may be via regulation of NLRP3-mediated pyroptosis. It has been reported that Apelin administration antagonizes myocardial 
injury, manifested by lowered left ventricular end-diastolic pressure and elevated + LVdp/dt (max), by inhibiting inflammatory re
sponses in mice with CLP-induced SMD [42]. In the current study, level of Apelin was greatly reduced in septic patients and the septic 
mouse heart, indicating that Apelin may be involved in regulating SMD. Importantly, our in vivo study showed that knockout of Apelin 
aggravated myocardial impairment in CLP-treated Apelin− /− mice via increasing NLRP3-mediated pyroptosis. It has been reported 
that Apelin-13 alleviated cardiac fibrosis in mice with myocardial infarction, indicating that Apelin-13 exerts an anti-fibrotic effect 
[43]. We also found that knockout of Apelin aggravated formation of cardiac fibrosis in CLP-treated Apelin− /− mice. In our in vitro 
study, we further verified that overexpression of Apelin functionally attenuated LPS-induced NMC injury via downregulation of 
NLRP3-mediated pyroptosis. Our results clearly suggest that Apelin may protect against SMD by inhibiting NLRP3-mediated pyroptosis 
in NMCs induced by LPS in vitro or CLP in vivo. 

There are multiple lines of evidence that the AMPK signaling pathway participates in mediating NLRP3-mediated pyroptosis. 
Nicorandil has been shown to confer protection against coronary microembolization-induced myocardial injury by inhibiting NLRP3- 

Fig. 5. Overexpression of Apelin alleviates LPS-induced SMD in vitro. (a) Western blotting and quantitative analysis of Apelin in NMCs after 
lentivirus infection. (b) Level of IL-18 and IL-1β in the supernatant from NMCs, LPS treated NMCs and LPS + Lenti-Apelin treated NMCs. (c) Western 
blotting and quantitative analysis of pyroptosis-related protein makers in NMCs, LPS treated NMCs and LPS + Lenti-Apelin treated NMCs. (d) TUNEL 
staining and quantitative analysis of TUNEL positive cells in NMCs, LPS treated NMCs and LPS + Lenti-Apelin treated NMCs. Data are expressed as 
the mean ± SD of at least three independent experiments. *p < 0.05, **p < 0.01. 
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mediated pyroptosis of cardiomyocytes via regulation of the AMPK signaling pathway [44]. High glucose and 
ischemia/reperfusion-induced myocardial injury were ameliorated via mediation of cardiomyocyte pyroptosis by regulating the 
AMPK/NLRP3 signaling pathway [45]. Interestingly, Apelin exerts cardioprotective effects also via mediation of the AMPK pathway. 
Apelin administration has been reported to attenuate bupivacaine-induced cardiotoxicity via enhancement of mitochondrial energy 
metabolism by regulating AMPK [46]. In another study, Apelin-13 ameliorated ischemia-reperfusion-induced heart injury via 
downregulation of ER-dependent apoptotic pathways by activating PI3K/Akt, AMPK, and the ERK signaling pathway [47]. These 
results prompted us to determine whether Apelin protects against SMD by inhibition of NLRP3-mediated pyroptosis via regulation of 
the AMPK signaling pathway. Indeed, we found that overexpression of Apelin did attenuate LPS-induced pyroptosis of NMCs via 
activation of the AMPK signaling pathway, and this effect was partially abrogated by an AMPK inhibitor. 

Although our study has several promising findings, several limitations should be acknowledged. First, There is mounting evidence 
that overproduction of ROS plays a critical role in the regulation of SMD [48,49]. Although we showed that NLRP3 mediated 
pyroptosis and inflammation contribute to SMD in the current study, whether Apelin attenuates SMD via regulation of ROS production 
warrants investigation. More importantly, further investigation is required to determine which of NLRP3-mediated pyroptosis or ROS 
production is more important to SMD development. Second, although overexpression of Apelin attenuated LPS-induced cardiomyocyte 
injury in vitro, whether Apelin administration can ameliorate SMD needs to be verified in vivo. Third, in addition to the AMPK pathway, 
it has not been determined whether Apelin inhibits NLRP3-mediated pyroptosis to attenuate SMD via other signaling pathways. 
Fourth, the NLR family has several members including NLRP1, NLRP3, NLRP6 and NLRP4. Whether other inflammasomes that may 
regulate SMD are affected requires further investigation. 

Fig. 6. Apelin protected against NLRP3 inflammasome-mediated pyroptosis in MD via the AMPK signaling pathway. (a) Western blotting 
and quantitative analysis of the expression of p-AMPK in heart tissue of WT and CLP treated mice. (b) Western blotting and quantitative analysis of 
p-AMPK phosphorylation in NMCs with or without LPS, LPS + Lenti-Apelin or LPS + Lenti-Apelin + Compound C treatment. (c) Western blotting 
and quantitative analysis of pyroptosis-related makers in NMCs with or without LPS, LPS + Lenti-Apelin or LPS + Lenti-Apelin + Compound C 
treatment. (d) TUNEL staining and quantitative analysis of TUNEL positive cells in NMCs with or without LPS, LPS + Lenti-Apelin or LPS + Lenti- 
Apelin + Compound C treatment. (e) Plasma level of IL-18 and IL-1β in cell supernatant from NMCs with or without LPS, LPS + Lenti-Apelin or LPS 
+ Lenti-Apelin + Compound C treatment. Data are expressed as the mean ± SD of at least three independent experiments. *p < 0.05, **p < 0.01. 

Fig. 7. The proposed mechanisms involved in Apelin-ameliorated sepsis-induced-myocardial dysfunction by inhibition of NLRP3- 
mediated pyroptosis. 
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5. Conclusion 

Apelin protects against SMD by inhibiting NLRP3-mediated pyroptosis via activation of the AMPK pathway. Apelin deficiency 
downregulated the AMPK pathway and thereby aggravated NLRP3-mediated pyroptosis, leading to heart injury in septic mice. Our 
study highlights the therapeutic potential of Apelin in the treatment of sepsis-related cardiac remodeling and dysfunction. 
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